Background: Six gene expression subtypes of invasive epithelial ovarian cancer were recently defined using microarrays by Tothill and colleagues. The Cancer Genome Atlas (TCGA) project subsequently replicated these subtypes and identified a signature predictive of survival in high-grade serous (HGS) cancers. We previously validated these signatures for use in formalin-fixed paraffin-embedded tissues. The aim of the present study was to determine whether these signatures are associated with specific ovarian cancer risk factors, which would add to the evidence that they reflect the heterogeneous etiology of this disease.
Introduction
Ovarian cancer is a heterogeneous disease as shown through associations with family history of cancer, genetic risk, and the histopathology of this disease. In addition, ovarian cancer is more common among Whites and more lethal among Blacks. The most common histology is epithelial ovarian cancer comprising 95% of invasive cancers. Among the invasive epithelial ovarian cancers, there are several subtypes of which the serous subtype is the most common followed by endometrioid, clear cell, and mucinous cancers. Some risk factor associations are specific to histologic subtypes of this disease such as endometriosis and endometrioid/clear cell cancers (1) and smoking and mucinous cancers (2) .
Tothill and colleagues (3) recently reported evidence for six distinct molecular subtypes of epithelial ovarian cancer based on microarray gene expression profiling of 285 serous and endometrioid tumors of the ovary, peritoneum, and fallopian tube. Four of these expression subtypes corresponded to most of the high-grade serous (HGS) cancers, whereas the other two expression subtypes were enriched for low malignant potential and low-grade endometrioid subtypes. More recently, The Cancer Genome Atlas (TCGA) project identified four-gene expression "intrinsic subtypes" of HGS ovarian cancer based on patterns of gene expression (mesenchymal, immunoreactive, differentiated, and proliferative) that are highly congruent with the subtypes described by Tothill and colleagues (4) . In addition, a signature predictive of survival was identified within the group of HGS cancers. To date, there have been no reports examining the associations between molecular subtypes and patient demographic characteristics or epidemiologic risks factors.
We sought to determine whether the six molecular subtypes of epithelial ovarian cancer identified by Tothill and colleagues (3) and the TCGA-derived survival signature (4) are related to risk factors or demographic variables in the population-based North Carolina Ovarian Cancer Study (NCOCS).
Materials and Methods

Study subjects
Study subjects are a subset of invasive epithelial ovarian cancer cases selected from participants in the NCOCS, a population-based case-control study conducted in a 48-county region of North Carolina. A detailed description of the study has been published previously (5, 6) . Briefly, newly diagnosed cases were identified through the North Carolina Central Cancer Registry using rapid case ascertainment, and physician's approval was obtained before the patients were contacted. Eligible cases, ages 20 to 74 years, were diagnosed with epithelial ovarian cancer between 1999 and 2007. All cases underwent standardized histopathologic review by the study pathologist (R.C. Bentley) to confirm diagnosis. The response rate among eligible cases was 65%. Although the response rate was low, the distribution of histologic subtypes and stage at diagnosis did not seem to be significantly different among the responders compared with the nonresponders.
Subjects represent a subset of those with invasive epithelial ovarian cancer enrolled in the NCOCS and were selected because they were diagnosed with invasive epithelial ovarian cancer and because of availability of fresh-frozen tumor tissue and matched formalin-fixed paraffin-embedded (FFPE) tissue samples. Because of this requirement, all subjects in the current study were diagnosed at Duke University Medical Center (Durham, NC). There were 193 invasive epithelial ovarian cancer cases of which 106 were advanced-stage HGS ovarian cancers. This subset of subjects were found to have comparable distributions of age at diagnosis and epidemiologic risk factors compared with the remaining invasive ovarian cancer cases in the NCOCS. However, differences in the distributions of some characteristics were found in this subset, including lower proportions of African Americans and poorly differentiated cancers, and higher proportions of invasive serous and advanced-stage cancer.
The protocol was approved by the Duke University Medical Center Institutional Review Board and the human subjects committees at the Central Cancer Registry and each hospital where cases were identified.
Data and biospecimen collection
Nurse-interviewers obtained written-informed consent, administered a standardized questionnaire to all NCOCS participants, and drew a blood sample. A FFPE tissue sample was obtained for 95% of cases enrolled in the NCOCS. During the in-person interview, anthropometric measurements including height, weight, and waist and hip circumferences were also obtained. The questionnaire included information on established and suspected ovarian cancer risk factors including family history of cancer, menstrual characteristics, reproductive history, infertility, hormone use, and lifestyle characteristics such as smoking, alcohol consumption, and physical activity. A more detailed description of the data collection process was published previously (6) .
Body mass index (BMI) was calculated as weight 1 year before diagnosis in kg/(height in meters) 2 and was categorized as <25, 25-<30, 30-<35, and !35 kg/m 2 . Other variables included in the analysis were age at diagnosis (20-49, 50-59, 60-69, and 70-74 years), race (African American vs. non-African American), menopausal status (pre-or postmenopausal), age at last pregnancy (never pregnant, <24, 24-29, 30-34, or !35 years), number of live births (none, 1-2, 3-4, or !5), age at menarche (<12 and !12 years), a diagnosis of endometriosis (yes or no), years of oral contraceptive (never, <1, 1-<5, or !5), months breastfed (never, <6, 6-12, or >12), family history of breast or ovarian cancer in a first-degree relative (yes or no), and tubal ligation (yes or no). Characteristics of the tumor that were included in the analysis were diagnosis of primary site (ovary or peritoneum), tumor histologic subtype (serous, endometrioid, mucinous, clear cell, or other), tumor grade (well differentiated, moderately differentiated, and poorly differentiated), and stage at diagnosis (I/ II or III/IV).
Gene expression analysis
All aspects of the generation of the gene expression data from these specimens are detailed in Sfakianos et al. (7) . This publication describes a series of quality control steps for RNA extraction and derivation of gene expression using the whole-genome Illumina cDNA-mediated annealing, selection, extension, and ligation (DASL) platform (HumanRef-8 Bead Chip). For a subset (n ¼ 43) of these samples, RNA from fresh-frozen tissue and paired archival FFPE derived RNA were compared (Affymetrix U133A for the frozen tissue vs. DASL for the FFPE). Briefly, the Affymetrix and Illumina data were preprocessed using the robust multi-chip average (RMA) (8) and limma (9) R/Bioconductor packages, respectively. DASL data for 13 of 43 paired samples and 4 of the NCOCS samples failed laboratory quality control and were removed from the analysis before preprocessing, leaving 30 paired samples with which to evaluate cross-platform concordance and 193 NCOCS samples for the association study. Affymetrix and Illumina probes were mapped to one another by RefSeq ID and the data were collapsed to their median in cases of many-to-one-matches. The resulting sets of Affymetrix-and Illumina-derived expression data were standardized separately so that each probe in each set had mean 0 and SD 1.
Construction of the subtype signatures is described in Sfakianos and colleagues (7) . Briefly, we defined the signature of a cluster as a weighted sum of the normalized expression values for the overexpressed probes minus a weighted sum of the normalized expression values for the underexpressed probes published by Tothill and colleagues (4). To downweight poor performing DASL probes, we weighted each expression value in the signature by the square of its correlation between Affymetrix and DASL log expression estimates calculated using a concurrently analyzed external set of paired fresh frozen/FFPE samples after truncating negative correlations at zero. Hence, the larger the value of a tumor's cluster signature, the more likely it is to be of that subtype. We defined the TCGA survival signature as the weighted sum of normalized gene-level DASL expression values with weights equal to the product of the associated gene's published log hazard estimate (Supplementary Table S1 ; ref. 4 ) and its squared Affymetrix/DASL correlation in the external paired samples. We normalized all signatures to have mean 0 and SD 1.
Statistical analyses
We used multivariate response multiple regression models with unstructured error covariance matrices to simultaneously assess the relationship between ovarian cancer risk factors, tumor characteristics, and the six molecular subtypes of ovarian cancer. The six signatures, normalized to have mean 0 and SD 1 across samples, served as the response variables in these models. Hence, regression coefficients are interpreted as the expected difference in the signature, measured in SDs, associated with a unit change in the covariate. We examined the associations with tumor characteristics collectively while controlling for age at diagnosis. We conducted these analyses for all ovarian cancer cases in the study and in the subset of advanced-stage (stage III/IV) HGS (moderately to poorly differentiated) invasive cases. We also conducted analyses for each ovarian cancer risk factor individually while controlling for age for all histologic subtypes combined and restricting the analysis to advanced-stage HGS cancer.
To this end, we used a likelihood ratio test to assess evidence in favor of association between each risk factor and tumor characteristic variable of interest and the ensemble of subtype signatures. In particular, we tested H 0 : the signatures are conditionally independent of the variable given age versus H 1 : the signatures are conditionally dependent on the variable given age. The coefficients of the variable in the H 1 model were signaturespecific as were all remaining parameters, including the intercepts, in the H 0 and H 1 models.
In addition, we used multivariable linear regression to model relationships between the TCGA survival signature and tumor characteristics and epidemiologic risk factors. We similarly conducted multivariable linear regression analyses to examine signature-specific associations between tumor characteristics and epidemiologic factors for each of the six subtype signatures defined by Tothill and colleagues (3).
Results
Tothill and colleagues (3) used unsupervised hierarchical clustering to assign epithelial ovarian cancers into six subtypes (C1-C6). These subtypes show enrichment for certain molecular and histologic features and were labeled accordingly: C1 are tumors with a high stromal content, C2 is defined primarily by an immune signature associated with tumor inflammatory response, the C3 signature is characterized as well differentiated and contains all of the low malignant potential cancers in the study but also some invasive serous cancers, C4 is an expression cluster that is characterized by the absence of other strong signatures and is labeled as cancers with a low stromal response, the C5 cluster is called mesenchymal or poorly differentiated and these are all HGS cancers, whereas C6 are low-grade cancers with endometrioid features. These categories are congruent with the four TCGA expression subtypes that were defined on HGS cancers only. The TCGA subtypes include differentiated, which overlaps with C3 (LMP) and C4 (low stroma), mesenchymal, which is analogous to the Tothill C1 high stromal signature, immunoreactive, which contains most of the inflammatory signature associated with C2, and proliferative characterized by genes associated with cell division some of which can be For the current study, we derived quantitative signatures for each tumor belonging to a specific Tothill cluster (C1-C6), hence class membership is not a categorical yes or no. To determine whether the class signatures represent nonoverlapping biologic properties, we determined correlations between classes. If all cancers show unique class characteristics, then strong negative correlations would be expected. Although the stronger correlations between the molecular clusters we observe tend to be negative (see Tables 1 and 2 ), we do estimate some positive correlations, notably between the C6 signature and the C3, C4, and C5 signatures, indicating that not all signatures are mutually exclusive. This is consistent with the recent analysis of the TCGA data and indicates that membership in an expression subtype is not rigid and cancers can have characteristics of multiple classes (10) . All subsequent analyses use this approach where each cancer is assigned a value for each cluster based on the combination of gene expression values that define that cluster.
The distributions of patient and tumor characteristics for invasive cases (n ¼ 193) and for the subset of advancedstage HGS tumors (n ¼ 106) are found in Table 3 . Most of the tumors were serous ovarian cancer (65.3%), stage III/ IV at diagnosis (80.8%), and moderately to poorly differentiated at diagnosis (84.9%). Only 29 women (15%) in our sample reported their race as African American, with the majority of subjects reporting their race as Caucasian (81.8%). Eighty percent of the ovarian cancer cases were 50 years of age or older at diagnosis. Of the 193 cases in the study, 18.1% were nulliparous, 40.4% never used oral contraceptives, and 23.8% of the study subjects reported a family history of breast or ovarian cancer in a firstdegree relative.
In the subset of women diagnosed with advanced-stage HGS tumors, compared with the combined histologic subtypes, a lower proportion had an early age at menarche less (<12 years), 19% versus 23.4% and a higher proportion have a primary site of the peritoneum, 15% versus 10%, respectively.
Tumor characteristics
The mixed model testing for heterogeneity includes age at diagnosis, histologic subtype, cancer site, stage, and tumor grade for all histologic subtypes and age at diagnosis, cancer site, and tumor grade for the model restricted to advanced-stage HGS cancers. As shown in Table 4 , among all histologic subtypes of epithelial ovarian cancer, having a diagnosis of primary peritoneal cancer was more associated with molecular signatures related to high stromal response (C1) and immune reaction (C2) clusters and less likely among the low stromal (C4) and mesenchymal/ undifferentiated (C5) clusters (P ¼ 0.001). These clusters were also more likely to have a diagnosis of the serous histologic subtype compared with the other four molecular signatures (P < 0.0001). Those with signatures consistent with the well-differentiated (C3), the low stromal response (C4), the mesenchymal/undifferentiated (C5), and the endometrioid (C6) clusters were more likely to have been diagnosed with a nonserous histologic subtype and less likely to have a diagnosis of primary peritoneal cancer. Poor tumor grade is consistent with clusters C1, C2, and C4, whereas well-differentiated tumors were observed more frequently in the C3 and C6 signatures (P < 0.0001). Similar patterns were observed restricting the analysis to the advanced-stage HGS cases. Advanced stage at diagnosis is positively correlated with the high stromal response (C1) cluster, and inversely associated with signatures consistent with the well-differentiated (C3) and the endometrioid (C6) clusters (P ¼ 0.006). Heterogeneity in the age at diagnosis between the six signatures was also found for the combined histologic subtypes (P ¼ 0.0008) and when the analysis was restricted to advanced-stage HGS (P ¼ 0.0161). Older age at diagnosis was consistent with cancers that display the high stromal response (C1) and the mesenchymal/undifferentiated (C5) signatures, whereas an earlier age at diagnosis was consistent with the immune (C2), the 
Epidemiologic risk factors
Among all histologic subtypes combined (Table 5) , after adjusting for age at diagnosis, the high stromal cluster (C1) was found to be inversely associated with a race of African American compared with non-African American, whereas those with molecular signatures consistent with the mesenchymal/undifferentiated (C5) and endometrioid (C6) clusters were more likely to be African American (P ¼ 0.008). Women with well-differentiated (C3) and endometrioid (C6) type tumors were more likely (Continued on the following column) to have reported a diagnosis of endometriosis, whereas the mesenchymal/undifferentiated (C4) tumors were inversely associated with endometriosis (P ¼ 0.056). We conducted the same analyses restricting the sample to advanced-stage HGS ovarian cancers (n ¼ 106; Table 6 ). Similar to the finding for all histologic subtypes, African Americans were less likely to have a molecular signature consistent with the high stromal response (C1) and immune (C2) clusters but more likely to have a molecular signature consistent with the remaining four clusters (P ¼ 0.003). Among the advanced-stage HGS cases, months of breastfeeding was found to be differentially associated with the molecular signatures, with an inverse relationship with the high-grade stromal (C1) and the immune (C2) clusters and a positive relationship with the low stromal response (C4), the mesenchymal/undifferentiated (C5), and the endometrioid (C6) clusters (P ¼ 0.024). Family history of breast or ovarian cancer in a first-degree relative was more likely to be observed among those with signatures consistent with the high stromal response (C1) and the immunoreactive (C2) clusters, whereas less likely reported by those with molecular signatures consistent with the remaining four clusters (C3-C6; P ¼ 0.034). In addition, a borderline statistical difference (P ¼ 0.071) between molecular signatures was observed with oral contraceptive use. However, these relationships were not monotone with increasing duration of oral contraceptive use. No heterogeneity in the associations with the molecular signatures and endometriosis was detected among HGS cases. This is consistent with eliminating the low-grade and nonserous cancers from this analysis.
As race, family history, and age at diagnosis had significant and unexpected association with expression subtype in our data, we examined associations with race, BRCA1/2 mutation status, and age at diagnosis in the TCGA data (4). Of the 489 TCGA subjects with expression data, 434 were White, 22 were Black, and 33 were of another race. We found no evidence for association between race and the subtype signatures as we have defined them here or between race and the TCGA subtype designations. However, we did find evidence of association in the TCGA data between both the subtype signatures and TCGA subtype calls and presence of a germline BRCA1 or BRCA2 mutation. BRCA1/2 mutation carriers had higher cluster of high stromal content (C1) and immune (C2) signatures (P ¼ 0.014 and 0.680, respectively) and lower cluster C3-C6 signatures (P ¼ 0.160, 0.075, 0.088 and 0.008, respectively). These findings are consistent with our study showing that first-degree family history associated with clusters C1 and C2. In addition, the relationships we observed with age at diagnosis in the TCGA were similar to those in the NCOCS data. In particular, in the TCGA data, older age at diagnosis was associated with the C5 cluster (P ¼ 0.002), whereas younger age at diagnosis was associated with the C2 (P ¼ 0.060), C3 (P ¼ 0.012), and C4 (P ¼ 0.145) clusters.
The TCGA-derived survival signature
In Sfakianos and colleagues (7), we showed that the TCGA survival signature was significantly (HR, 2.7; P ¼ 0.0007) associated with overall survival among the advanced-stage, high-grade NCOCS samples. Here, we considered whether the TCGA survival signature represents a distinct etiologic phenotype of ovarian cancer. Analyses of associations with known prognostic characteristics may help to characterize whether the TCGA survival signature is an independent predictor of survival or a culmination of known prognostic factors (see Supplementary Table S1 ). We conducted multiple linear regression analyses examining relationships between the TCGA-derived survival signature and epidemiologic risk factors and tumor characteristics. A diagnosis of an epithelial subtype other than a serous ovarian cancer and a poor/undifferentiated tumor grade were both positively associated with the TCGA signature. We did not observe a relationship with stage at diagnosis or tumor site and the TCGA signature although there was a positive trend with advanced stage at diagnosis. Most risk factors including age at diagnosis were not found to be significantly associated with the TCGA-derived survival signature. Among all histologic subtypes, weak associations were seen with early age at menarche (<12 years) and decreased duration of oral contraceptive and the survival signature. These relationships were attenuated when the analysis was restricted to the HGS cases.
Discussion and Conclusion
Our results are consistent with the tumor characteristics of these clusters as defined by Tothill and colleagues (3). We show that early stage at diagnosis and well-differentiated tumor grade is associated with the clusters classified with well-differentiated (C3) and endometrioid (C6) features. We also found the serous histologic subtype to be positively associated with the high stromal content (C1) signature and by an immune signature (C2) compared with nonserous histologic subtypes, whereas serous histology was inversely associated with molecular clusters with well-differentiated and endometrioid features compared with other histologic subtypes. A novel finding is that a higher fraction of primary peritoneal cancers are consistent with the high stromal content (C1) signature compared with primary ovarian cancers, both for all histologic subtypes combined and among advanced-stage HGS cases. Therefore, the differences noted between the subtypes and a diagnosis of primary peritoneal cancer was distinguished from the serous histologic subtype.
To our knowledge, this is the first study to examine correlations between ovarian cancer risk factors and molecular subtype signatures recently described by Tothill and colleagues (3) as well as the TCGA ovarian cancer survival signature (4). Of note, both age at diagnosis and race seem to differ according to the intrinsic clusters defined by Tothill and colleagues The age diagnosis of the patient is a well-documented prognostic factor for ovarian cancer outcomes, with older age associated with worse overall survival and presumably indicative of more aggressive disease (11) . We observed positive associations between older age at diagnosis and clusters C1 and C5, the clusters identified by Tothill and colleagues (3) to associate with the worst unadjusted survival prospects.
Although most of the established epidemiologic risk factors, including years of oral contraceptive use and pregnancy history, do not seem to be strongly differentially associated with the molecular clusters, a few associations were observed, particularly among the advanced-stage HGS cases. Overall, heterogeneity is found with the association between cluster and a diagnosis of endometriosis among the combined histologic subtype but not when the analysis was restricted to HGS cases. We did not have the power to determine whether this association was driven by the clear cell and endometrioid cancer subtypes. Heterogeneity in the associations between months of breastfeeding and family history of breast and ovarian cancers and the molecular clusters became evident when the analysis was restricted to advanced-stage HGS tumors. Although there have been reports of risk factors associations, such as smoking and endometriosis, that are specific to histologic subtypes of ovarian cancer (1, 2), these results suggest that molecular signatures of epithelial ovarian cancer may define etiologic pathways beyond that of histology alone.
There has been a growing realization that molecular subtypes of ovarian cancer do not define distinct disease entities as subtypes do with breast cancer but rather characterize distinct patterns of functionally significant molecular activities that may coexist in varying ratios across tumors of the same histologic classification (9, 10) . Although classifying a tumor by its dominant signature ignores these complexities, one would expect to observe similar associations using this phenotype description, albeit with reduced power. To this end, we compared results of multinomial response models of a nominal classification of each tumor to those from the multivariate response models of the subtype signatures. We binned the tumors by assigning each to the cluster with the largest signature and used polytomous regression analysis to measure associations between the resulting designations and selected variables, including age and race in all samples and for family history among advanced-stage HGS samples. Although the associations observed in the multinomial models were nonsignificant, the directions and relative magnitudes of the individual effects were comparable as was expected.
We also examined relationships between the tumor and epidemiologic risk factors and the TCGA survival signature. Although this signature was derived from serous tumors, our findings suggest that the TCGA survival signature is even more consistent with other histologic subtypes compared with the serous cancers. Compared with a poorly differentiated cancer, having a well to moderately differentiated cancer was inversely associated, suggesting that molecular changes in the survival signature are the underlying components of tumor grade. A possible interpretation of our results is that these other prognostic factors are independent of the TCGA signature in the predication of survival/outcome. Further work is required to understand the implications of these findings, if confirmed.
Our results are consistent with the previous reports of the association of the molecular signatures with histology, grade, and stage. Although we report novel findings of relationships of tumor and epidemiologic characteristics indicative of heterogeneity between molecular signatures, the current study has several notable limitations. Because of the relatively small sample size and inherent uncertainty in defining the signatures in FFPE tissue, the power to detect associations is not optimal. Because we used existing characterization of the molecular signatures, derived mostly from the serous and endometrioid histologic subtypes, patient survival, and among mostly Caucasian subjects, it is possible that these previously defined signatures may not be indicative of etiologic processes or pathways or perhaps not representative of molecular signatures in non-White populations. A more direct approach for detecting molecular signatures indicative of etiologic pathways and those that represent other racial/ethnic groups would be to conduct a supervised analysis to determine whether molecular signatures can be found that are associated with exposure to risk factors, an important future direction of study. Only recently has the technology advanced to make this feasible in a population-based study where FFPE tissue would be necessary to use.
Another limitation of this study is that we were unable to conduct a systematic evaluation of our findings in an independent dataset, as we were unable to locate a study that paired the necessary epidemiologic risk factor with tumor assay data. However, we were able to evaluate associations between the subtype signatures and race, family history of breast or ovarian cancer (using BRCA1/2 germline mutation status as proxy), and age at diagnosis, using the recently published TCGA data (4) and found the same pattern of association that we observed with age at diagnosis and family history in the NCOCS data. Younger age at diagnosis was associated with the immunoreactive, the well-differentiated and the low stromal response signatures in both the TCGA data and the NCOCS data, whereas an older age at diagnosis was associated with the mecsenchymal/differentiated signature in both datasets. Those who reported a family history of breast or ovarian cancer in a first-degree relative were more likely to be classified as having a high stromal content or immunoreactive (C1 or C2). Ultimately, a validation study with a much larger sample size will be necessary to adjudicate the associations we observe in the current study.
In summary, this is the first report to investigate whether ovarian cancer risk factors are differentially Cancer Epidemiology, Biomarkers & Preventionassociated with existing definitions of molecular signatures of epithelial ovarian cancer. Although we report novel findings, further work is needed to determine whether our results can be confirmed and whether a different approach to define clusters of molecular expression in tumor tissue may be more optimal for discerning subtypes associated with the pathogenesis of ovarian cancer.
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